Abstract Color polymorphism is widespread in animals and can be associated with temporary adjustments to environmental variables (phenotypic plasticity). In teleost fishes, one of the most remarkable examples of color plasticity is background adaptation in flatfishes. However, such rapid and complete changes in body color and pattern remain relatively unreported in other species. The convict surgeonfish Acanthurus triostegus is a gregarious species whose body color pattern consists of black vertical bars on a whitish body. Here, we describe an entirely reverse body color pattern (white vertical bars on a blackish body) that we observed in some A. triostegus juveniles in a nursery area at Moorea Island, French Polynesia. In aquaria, we determined that change from one color pattern to the other is rapid, reversible, and corresponds to phenotypic plasticity associated with aggressive behavior.
Introduction
The occurrence of two or more distinct and genetically influenced color morphs within a single interbreeding population, i.e., color polymorphism, is widespread across the animal kingdom (Endler 1980; Gray and McKinnon 2007) . Individuals can also adjust body colors and patterns in response to environmental factors such as habitat background, temperature, food availability, population density and level of predation risk (Leimar 2007) . This environmentally influenced color plasticity within individuals of the same genotype is highly adaptive when facing changing and selective environments (Gray and McKinnon 2007) .
In teleost fishes, phenotypic plasticity in color patterns is well exemplified by background adaptation (camouflage) in flatfishes (Ramachandran et al. 1996; Höglund et al. 2002; Kelman et al. 2006) . Body color and pattern adjustments can also be associated with temporary social status (Beeching 1995; Höglund et al. 2002) , sexual display (Kodric-Brown 1998; Rhodes and Schlupp 2012) or response to a predation risk (Fuller and Berglund 1996) . Changes in body colors and patterns are regulated by a variety of genetic, endocrine and cellular processes such as distribution, morphology and density of pigment organelles and chromatophores (Fujii and Novales 1969; Sugimoto 2002; Miller et al. 2007 ). These changes can be fixed or reversible and can occur within a few weeks or a few seconds, representing long-term or rapid adaptations to the environment (Sugimoto 2002; Sköld et al. 2013) . For example, the dusky dottyback (Pseudochromis fuscus) can change its body coloration from yellow to brown and vice versa within 2 weeks, depending on habitat and prey availability (Messmer et al. 2005; Cortesi et al. 2015) , while the paradise whiptail (Pentapodus paradiseus) can switch its head and body reflective stripes from blue to red in less than one second, presumably for communication (Mäthger et al. 2003) .
Apart from the complex body color and pattern changes observed during camouflage in flatfishes (Ramachandran et al. 1996) and agonistic interactions in cichlid fishes (Beeching 1995) , rapid changes (within a few seconds) are generally discrete (e.g., apparition or change in color of a stripe) and relatively unreported in other fish species (Fujii et al. 1989; Mäthger et al. 2003; Rhodes and Schlupp 2012; Watson et al. 2014) . While long-term (within a few days or weeks) color and pattern changes have been described for coral reef fishes during ontogeny (Frédérich et al. 2010) , sexual maturation (Kodric-Brown 1998) and mimicry strategies in adults (Cortesi et al. 2015) , rapid and complete pattern changes remain relatively little explored (Fujii et al. 1989; Mäthger et al. 2003; Watson et al. 2014) , particularly in juveniles, for which most studies have focused on slower ontogenetic changes (McCormick et al. 2002) .
The convict surgeonfish Acanthurus triostegus is a common herbivorous reef fish in the Indo-Pacific region (Randall 1961) . Adults are encountered around reef patches close to the barrier reef where they live in large aggregations mostly feeding on turf algae (Randall 1961) . The color pattern of reef-associated juveniles and adults consists of black vertical bars on a whitish body (referred to here as 'classical color pattern,' CP; Fig. 1a ; Randall 1961; Frédérich et al. 2012) . Here, in a nursery area of Moorea Island (Lecchini et al. 2005) , in French Polynesia, we observed some A. triostegus juveniles exhibiting a complete reversal of their color pattern: white vertical bars on a blackish body (referred here as 'reversal of the color pattern,' RP; Fig. 1b ) and chasing their conspecifics. The aim of this study was to better characterize the RP and to determine whether it is associated with behavioral and/or developmental characteristics, and corresponds to phenotypic plasticity. We collected large cohorts (n [ 50) of reef-naïve A. triostegus larvae while they colonized the reef at Moorea Island, and raised them in aquaria until the appearance of the RP. We demonstrated that the CP-RP change is rapid and reversible, and that this phenotypic plasticity is associated with aggressive behavior.
Materials and methods

Fish sampling and raising
Fish larvae were collected nightly in March 2015 using a crest net on the northeast coast of Moorea Island, French Polynesia (17°29 0 52.19 00 S, 149°45 0 13.55 00 W), close to the nursery area where RP juveniles were observed. The crest net had a mesh size of 1 mm and was equipped with a rectangular mouth (width: 1.5 m, height: 1 m) oriented perpendicular to the water flow. The crest net retains all settlement-stage (reef-naïve) larvae as they move over the reef crest and enter the net (Dufour and Galzin 1993) . As larval fish recruit to reefs at night, the net was set up at 1900 h and larvae were collected at 0200 h the following day. Three large cohorts of A. triostegus larvae were collected consecutively (n = 53, 60 and 69). After removal from the crest net, individuals were transferred to the CRIOBE research station where they were maintained, with only their respective larval cohort, in a 200-L aquarium in an open water circuit. Water temperature was maintained at 28.5°C, under a 12:12 LD cycle (0600 h onset to 1800 h offset), and fish were fed turf algae using live rocks and rubble that were changed daily. Fish were released at day 11 post-settlement in the nursery area close to their collection site.
Juvenile body color pattern, developmental stage and behavior
Every day from capture to release, the entire fish cohort was observed at 0800, 1200 and 1600 h for 30 min, to assess the color pattern of each fish. Pigmentation pattern prevalence in each cohort (i.e., percentage of CP and RP fish in each of the three cohorts) was assessed when RP juveniles were first observed, at day 7 post-settlement (Fig. 2a) . To ensure that CP (n = 14) and RP (n = 10) fish were at the same developmental stage, individual body depth (body height divided by standard length) was recorded, as it is a good indicator of post-settlement development in A. triostegus (McCormick 1999; McCormick et al. 2002) . To ensure that aquaria did not impair fish development, we also measured individual body depth in day 7 post-settlement juveniles that were raised in smaller groups of 20 individuals in in situ cages in the nursery area close to the crest net. Body depth comparisons were made using ANOVA followed by Tukey's post hoc tests after verification of data normality and homoscedasticity. To compare the behaviors of the two color patterns, aggressiveness of CP (n = 24) and RP (n = 24) fish was assessed at day 7 post-settlement using camera records (mean ± SE duration of 5.0 ± 0.9 s for CP and 6.3 ± 1.7 s for RP). The percentage of time each unique individual spent with the dorsal fin erected was assessed from the camera records (Fig. 2c) . A high percentage of time with the dorsal fin erected was considered as aggressive behavior (Brawn 1960; Gerlai 2003) .
Results and discussion
After observation of A. triostegus juveniles exhibiting a RP in a dense nursery area of Moorea Island, we confirmed, in aquaria, the occurrence of the RP in three separate groups of juveniles (n = 53, 60, 69, respectively) originating from three larval cohorts that we collected at settlement. At day 7 post-settlement, 13.3 ± 2.5% of A. triostegus juveniles had changed color pattern from CP to RP (Fig. 1a, b ; Fig. 2a ). This change occurred in 1.33 ± 0.64 s (Electronic supplementary material, ESM, Video S1) and lasted until fish release (day 11 post-settlement). The change was also rapidly reversible, as disturbing the fish by introducing a net in the aquarium lead RP juveniles to turn into CP and to mix with the CP shoal. This confirms that the CP-RP transition corresponds to a reversible, complete and rapid color pattern change in juveniles. The RP has never been encountered in adults (Randall 1961; McCormick 1999) .
There was no difference in body depth between RP and CP juveniles raised in aquaria and CP juveniles raised in in situ cages in a lagoon nursery area (ANOVA, n = 43, Fig. 2b ). This suggests that these two patterns are not related to an ontogenetic difference. RP was also different from the stressed/nocturnal pigmentation pattern, which consists of the CP with black rectangles between each bar (ESM Fig. S1 ). RP was associated with aggressive behavior, with RP juveniles chasing their conspecifics (ESM Video S2). This was exemplified by the significant difference between CP and RP juveniles in the percentage of time spent with the dorsal fin erected (7.6 ± 3.6% vs. 84.3 ± 4.0%, respectively; Wilcoxon rank-sum test, n = 48, W = 569, p \ 0.001; Fig. 2c ), which illustrates the aggressive behavior of RP individuals (Brawn 1960; Gerlai 2003) . Consequently, the presence of the RP resulted in a newly organized fish community, with RP juveniles defending their territory, while CP juveniles swam or foraged in groups above the guarded areas ( Fig. 1c ; ESM Video S3). Therefore, the CP to RP transition in A. triostegus juveniles is a rare observation of a rapid and complete reversal of the body color pattern that is not associated with camouflage or mimicry (Ramachandran et al. 1996; Höglund et al. 2002; Kelman et al. 2006; Sköld et al. 2013; Watson et al. 2014) . In fact, this behavior is reminiscent of the cichlid fish Astronotus ocellatus, where agonistic interactions between males can lead to rapid change in color pattern (darkening of the body color and appearance of white vertical bars) in individuals defeated in combat, with opposite behavioral consequences (i.e., inhibition of aggression; Beeching 1995). At the cellular level, color and pattern changes can be divided in two categories: morphological and physiological color changes (MCC and PCC; Fujii and Novales 1969; Leclercq et al. 2010) . MCC often result from long-term changes in the distribution, morphology and density of chromatophores (pigment cells), while PCC originate from rapid motile movements of pigment organelles (e.g., melanosomes) within the chromatophores (Sugimoto 2002; Leclercq et al. 2010; Sköld et al. 2013) . Here, the rapidity of the CP-RP change suggests that this results from PCC and that condensation/dispersion of melanosome in the melanophores may be responsible for the rapid and reversible black/white color reversal (Zhu and Thomas 1997) . However, a cellular study of this process is required to confirm this hypothesis.
This study demonstrates phenotypic plasticity in juveniles of A. triostegus, revealing an ability to switch from one color pattern to its complete opposite within a few seconds. While CP and RP fish also exhibited distinct behaviors, individuals turning from CP to RP were not predictable and did not show any prior detectable phenotypic difference. Renewing rubble (with fresh turf algae) twice a day and diminishing the number of juveniles in the aquarium delayed and even prevented the appearance of the RP (Besson pers. obs.). Further investigation is therefore required to test whether this phenotypic plasticity is juvenile specific and only appears in conditions of intense foraging competition, and whether the RP aggressive and solitary behavior is the result of an adaptive strategy to force some individuals to quit the cohort in situations of low resource availability.
